Introduction
Data from the Liberty Mutual Workplace Safety Index (Liberty Mutual Research Institute for Safety, 2014) show that the costs for disabling workplace injuries in 2012 due to falls on the same level in the U.S. were estimated to be approximately 9.19 billion US dollars or 15.4% of the total cost burden. Slippery floors, typically caused by contaminants, are a critical factor for falls on the same level (Chang et al., 2001) . Bell et al. (2008) indicated that liquid contamination was the most common cause (24%) of slip, trip and fall incidents in healthcare workers.
Quite often, pedestrians may encounter a transition in floor conditions such as from one floor surface to another or the same floor surface with different surface conditions. Gait adaptation represents the transition in gait in order to walk safely on the new surface. During the gait adaptation period, pedestrians are exploring different ways to avoid a potential slip where there could be location to location variations in friction level. Therefore, pedestrians could be more vulnerable to a slip during this adaptation period when they are transitioning to a more slippery area. Gait adaption when continuously walking back and forth on a 7 m long slippery surface 13 times was investigated by Cappellini et al. (2010) . Their results show that kinematic variables had more variations in the first trial, but the basic features of walking on the slippery surface were already present. When comparing the kinematics of the first and last trials, walking speed, gait cycle time, percentage of stance and lateral hip displacement differed significantly.
Although gait adaptions to avoid a slip have been reported in the literature (Swensen et al., 1992; Bunterngchit et al., 2000; Fong et al., 2005; Lockhart et al., 2007; Menant et al., 2009; Cappellini et al., 2010) , participants in these studies were exposed to a limited area with a low friction surface or to a very limited range of low friction conditions. In this experiment, the participants were exposed to walkways of different slipperiness and were asked to avoid a slip while walking on these surfaces. The objective of the current study was to investigate how gait adaptation occurs on different surfaces by exposing the participants to walkways with different degrees of slipperiness. Gait adaptation was quantified by kinematic and kinetic measurements. Gait adaptation could reveal how the strategies for walking safely on a surface were developed over time.
Method
In this experiment, 29 participants (13 males and 16 females) were exposed to five floor types under the dry, wet and glycerol (45% by weight ratio with water) conditions. The protocol for this experiment was approved by an institutional review board. The five floor types used in this experiment, referred to as floor types A to E, were: (A) a standard quarry tile with raised-profiled tread lines perpendicular to the walking direction, (B) standard flat quarry tile, (C) vinyl composition sheet, (D) marble tile and (E) glazed porcelain tile. One walkway, 6.08 m long and 0.81 m wide, was constructed for each floor type. Two force plates (Model 9281C, Kistler Instrument Corporation, Amherst, New York, USA) were installed underneath the tiles in the middle of each walkway. The contaminant, when required, was applied to the whole walkway. A safety harness was used to protect the participants. Leather loafers were provided as the footwear for this experiment. The participants walked back and forth on the walkway for five times (trials). The surface condition started from dry and then wet, and ended with glycerol. The five different floor types were randomized under each surface condition. The kinematics and utilized coefficient of friction (UCOF) of every trial were collected and used in the analysis. The kinematic parameters obtained were step length, walking speed and, at heel strike, heel angle with the floor, horizontal heel velocity and ankle angle. The UCOF was identified and extracted from each successful strike. The UCOF is the maximum coefficient of friction (COF) calculated from the ground reaction force obtained with a force plate when walking on surfaces that could be slippery and represents the friction needed to walk on a surface that could be contaminated. A portable inclinable articulated strut slip tester (PIAST), also known as the Brungraber Mark II, was used in this experiment to measure available coefficient of friction (ACOF) which represents the maximum COF that can be supported at the shoe and floor interface without a slip. A total of 100 friction measurements were carried out for each walkway under each surface condition.
Fifteen conditions, resulting from five floor types under three surface conditions, were divided into three categories based on their ACOF values to maintain the generalizability of the results. The three categories were ACOF less than 0.15 as low COF, between 0.15 and 0.4 as medium COF and greater than 0.4 as high COF. For each condition and each trial, each variable was first averaged across participants. These variables were then further averaged across all conditions in each friction category for each trial, while the results from all the trials for each friction category were pooled for a further analysis. A general linear model with one-way analysis of variance (ANOVA) was applied to investigate differences among COF categories (low, medium and high) for each dependent variable. A 95% confidence level (p ≤ 0.05) was the criteria for statistical significance in this study.
Results and discussion
The ANOVA results show that all the variables reached the statistically significant level (p < 0.0001). The results further show that trials in low friction category differed significantly from those in medium and high friction categories for all of the dependent variables (p < 0.0001), and no significant difference was found among trials between medium and high friction categories. The results of UCOF and kinematics for each friction category are shown in Table 1 which shows that the results for trial 1 for low friction were different from those of other friction categories for most of the variables, similar to results observed by Cappellini et al. (2010) in their study. The difference increased further as the trials progressed and eventually stabilized. The current results show that people still can safely walk on surfaces with medium ACOF without major alternations to their gait, but more drastic adjustments were needed for safely walking on low friction surfaces. Gait adaptions to avoid a slip on slippery surfaces included increases in stance and stride times, step width, as well as decreases in stride length, walking speed, heel horizontal velocity, heel horizontal and vertical accelerations, heel and floor angle and utilized coefficient of friction (UCOF) (Swensen et al., 1992; Bunterngchit et al., 2000; Fong et al., 2005; Lockhart et al., 2007; Menant et al., 2009; Cappellini et al., 2010) . These same strategies used for gait adaptation appear to be shown in the results of the current study. The force plates were installed in the middle of the walkway, so data for the first trial reflect participants' gait after walking for 2.4 m on the walkway, not the first step. The current data show that gait adaptation continued beyond the first trial. The results reveal that multiple sensing mechanisms potentially could be used in human locomotion, so an iterative process is needed to develop body responses to avoid slips when transitioning to a slippery area. Since all the participants in the current experiment were fully aware of the floor conditions, the results could have important safety implications that user awareness alone might not be enough for safe floor designs.
